We used an assay to measure quinolone sensitivity as a shift in the position of the cleavage-religation equilibrium. This assay was found to be useful in identifying the primary target of a quinolone drug and assessing the effect of quinolone resistance-conferring mutations.
seemed reasonable to determine quinolone sensitivity in a manner more consistent with the action of quinolone drugs. We decided to modify a DNA cleavage assay and measure the quinolone sensitivity of a topoisomerase by comparing the steady-state level of the cleavage-religation equilibrium in the presence of drug with that in the absence of drug. Specific activities for spontaneous and quinolone-induced DNA cleavage by topoisomerases were measured, and quinolone sensitivity was defined as the ratio of the cleavage activity in the presence of an excess concentration of norfloxacin to that in the absence of norfloxacin. We used this assay to compare the quinolone sensitivities of E. coli and Staphylococcus aureus gyrases and Topo IVs and assess the effects of quinolone resistance-conferring mutations.
E. coli and S. aureus gyrases and Topo IVs, as well as the quinolone-resistant mutant enzymes ParC S80L Topo IV and ParC E84K Topo IV, were described previously (6, 7). Negatively supercoiled plasmid pBR322 DNA and norfloxacin were purchased from New England BioLabs and Sigma, respectively.
A DNA cleavage assay was performed according to a protocol similar to that described by Fortune and Osheroff (4) . Briefly, reaction mixtures (20 l) containing 50 mM Tris-HCl (pH 8 at 23°C), 10 mM MgCl 2 , 10 mM dithiothreitol, 50 g/ml bovine serum albumin, 1 mM ATP, 5 g/ml tRNA, 300 ng of pBR322 DNA, and the indicated amounts (as a tetramer) of various topoisomerases were incubated at 37°C for 10 min in the absence or presence of 50 M norfloxacin (this is an excess amount to induce the maximum level of DNA cleavage by all of the topoisomerases used in this study [data not shown]). Sodium dodecyl sulfate was added to a concentration of 1%, and the reaction mixtures were further incubated at 37°C for 5 min. EDTA and proteinase K were then added to 25 mM and 100 g/ml, respectively, and the incubation was continued for an additional 15 min at 37°C. The DNA products were purified by extraction with phenol-chloroform-isoamyl alcohol (25:24:1, vol/vol) and then analyzed by electrophoresis through vertical 1.2% agarose gels (14 by 10 by 0.3 cm) at 2 V/cm for 12 h in TAE buffer (50 mM Tris-HCl [pH 7.9 at 23°C], 40 mM sodium acetate, 1 mM EDTA) that contained 0.5 g/ml ethidium bromide. After destaining in water, gels were photographed and quantified with an Eagle Eye II system (Stratagene).
Each topoisomerase was titrated in the absence or presence of norfloxacin to measure its spontaneous and quinolone-induced cleavage activity. An example of the results of this assay is shown in Fig. 1 . DNA cleavage was monitored by the conversion of negatively supercoiled DNA to linear DNA. Specific activities (amounts of linear DNA generated per unit amount of a topoisomerase) for spontaneous and quinolone-induced DNA cleavage were determined by using the data where the increase in the linear DNA generated by a topoisomerase as a function of topoisomerase concentration showed a linear response. The total amount of the full-length DNA molecules (negatively supercoiled, nicked, and linear DNA molecules) was also monitored to be sure that it remained constant (reduction was less than 10%). Quinolone sensitivity was defined as follows: quinolone sensitivity ϭ (specific activity of a topoisomerase for quinolone-induced DNA cleavage)/(specific activity of a topoisomerase for spontaneous DNA cleavage). Although DNA gyrase and Topo IV are both cellular targets of the quinolone antibacterial drugs (2, 14) , a quinolone drug has its primary target in vivo. Interestingly, DNA gyrase in gram-negative bacteria and Topo IV in gram-positive bacteria are often found to be the primary targets. For instance, DNA gyrase is the primary target of quinolone drugs in E. coli (9, 10) whereas Topo IV becomes the primary target in S. aureus (3) . A study has shown, however, that each quinolone drug appears to have a preferred target and the target selection can be altered by changes in quinolone structure (13) . Thus, it is not clear what determines the primary target in cells. Quinolone sensitivities of gyrase and Topo IV can be readily measured by standard in vitro assays. The relative biochemical sensitivity (or the primary biochemical target), however, does not always match the identity of genes associated with the first-step mutations (or the primary target in vivo). This might be due to the distinct but complementary roles of Topo IV and gyrase in DNA replication and/or the different mechanisms used to repair gyrase and Topo IV lesions (8, 9) .
Quinolone sensitivities of gyrase and Topo IV are likely to be among the key factors that determine the primary target. Our assay allowed us to measure the quinolone sensitivities of E. coli and S. aureus gyrases and Topo IVs under the same conditions, despite their different biochemical properties. We measured the spontaneous and quinolone-induced cleavage activities of these topoisomerases and determined their quinolone sensitivities (Table 1 ). E. coli gyrase was much more sensitive to norfloxacin than E. coli Topo IV was, whereas S. aureus gyrase was less sensitive to norfloxacin than S. aureus Topo IV was. A dramatic difference in quinolone sensitivity between E. coli gyrase and E. coli Topo IV (18-fold, in contrast to the only 2.5-fold difference between the S. aureus topoisomerases) might explain why Topo IV is such a poor target of quinolone drugs in E. coli (2, 9) . These results demonstrated that, in fact, primary targets of norfloxacin in either E. coli or S. aureus were more sensitive to norfloxacin than secondary targets were. Thus, our assay for quinolone sensitivity appeared to be a useful method to identify the primary target of a quinolone drug in the cell.
Next, we measured the drug sensitivities of two quinoloneresistant mutant Topo IVs, ParC S80L Topo IV and ParC E84K Topo IV, which exhibit distinct biochemical properties (6) . As shown in Table 2 , either the S80L or the E84K mutation in E. coli ParC reduced the quinolone sensitivity of E. coli Topo IV. These results coincided well with previous observa- tions that both the S80L and E84K mutations in ParC confer quinolone resistance on Topo IV (2, 6, 14) . Thus, the assay described here appeared to be useful in assessing the effect of quinolone resistance-conferring mutations on a topoisomerase, irrespective of their effect on the catalytic activity of the topoisomerase.
We used a pair of in vitro DNA cleavage assays to measure the spontaneous and quinolone-induced DNA cleavage activities of a topoisomerase and determine its quinolone sensitivity as the ratio of the specific activity of the topoisomerase for quinolone-induced DNA cleavage to that for spontaneous DNA cleavage. This assay was developed to measure the quinolone sensitivity based on the mechanism of quinolone drugs and thus more accurately reflect their cytotoxicity. This assay appears to be a useful method to determine the primary target of a quinolone drug in various bacteria, as well as to assess the effects of mutations on the quinolone sensitivity of topoisomerases.
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